Study Design. Nondestructive flexibility tests were performed in vitro, comparing multiple conditions of fixation in a single group of specimens. Objective. To compare the biomechanical behavior of the lumbar spine in the intact condition, after implanting a novel motion stabilizer, and after implanting a rigid fixator. Summary of Background Data. Two specific scenarios that may benefit from dynamic lumbar stabilization are single-level moderate instability, where the stabilizing tissues are relatively incompetent, and juxta-level to fusion, where the last instrumented level requires intermediate stiffness (''topping off'') to prevent transfer of high stresses from the stiffer fusion construct to the intact adjacent levels. Both scenarios were evaluated in vitro. Methods. Seven human cadaveric L2-S1 segments were tested (1) intact, (2) after moderate destabilization, (3) after 2-level hybrid posterior fixation, consisting of bilateral dynamic pedicle screws at L4 interconnected with rigid rods to standard pedicle screws at L5 and S1, (4) after 2-level rigid fixation, (5) after 1-level (L4-L5) dynamic fixation, and (6) after 1-level rigid fixation. In each condition, angular range of motion (ROM) and sagittal instantaneous axis of rotation (IAR) were assessed. Results. In 1-level constructs, dynamic hardware allowed 104% of intact ROM, whereas rigid hardware allowed 49% of intact ROM. Relative to the intact, the IAR was shifted significantly farther posterior by rigid 1-level instrumentation than by dynamic 1-level instrumentation. In 2-level constructs, the dynamic level allowed significantly greater ROM than the rigid level in all directions but allowed significantly less ROM than the intact level in all directions except axial rotation. Conclusion. Dynamic instrumentation shifted the IAR less than rigid instrumentation, providing more favorable kinematics. This dynamic stabilizer provided 1-level ROM that was close to intact ROM during all loading modes in vitro. In the topping-off construct, the dynamic segment allowed intermediate ROM to give balanced transitional flexibility.
F
usions extending into the distal thoracic or lumbar spine have the potential to produce altered biomechanics resulting from the transfer of stresses to the adjacent levels, manifested as ''adjacent segment disease'' (ASD). [1] [2] [3] [4] [5] [6] [7] [8] [9] Although some have argued that there may be insufficient evidence that ASD is caused by fusion and may only be because of natural history, 10 many studies have shown an increased incidence of back pain, instability, and neurologic symptoms after fusions that extend into the lumbar spine. 4,7,11 -16 Balderston et al 11 showed that progression of disc degeneration below adult scoliosis fusions correlated significantly with low back pain.
Recently Auerbach et al 17 found that ''with increasing length of an instrumented spinal construct, unfused caudal lumbar discs experienced increased intradiscal pressures,'' and that ''discs that had the most increased intradiscal pressures were the subadjacent discs closest in proximity to the lowest instrumented vertebra.'' This experimental evidence supports the idea that a long segment fusion produces increased stresses at the transition to the remaining intact levels.
The potential for lumbar fusion to cause or accelerate ASD has motivated the development of motion-preserving technologies, particularly pedicle screw-based posterior dynamic stabilization (PDS). PDS is intended to mitigate transfer of stresses to adjacent levels using semirigid fixation, that is, using rigidity intermediate between that of pedicle screws/rods and the intact motion segment. Although some study protocols have been defined 18 and a recent meta-analysis concluded that prevalence of ASD appears lower after PDS than after fusion, 19 there is no definitive evidence that PDS can reduce ASD. Further clinical and biomechanical studies are needed, and outcomes will most likely vary depending on the PDS used.
It was hypothesized that a new PDS system (Staflex, Spartek, Inc., Concord, CA; Figures 1 and 2 ) could provide stiffness intermediate to the stiffness of an intact motion segment and a motion segment instrumented with rigid fixation in all planes of loading. In addition, this device should provide transitional stiffness when applied at the last cephalad level of fixation. This PDS device was therefore studied in vitro as a 1-level construct (L4-L5) and as the rostral transitional level in a 2-level construct (L4-L5-S1).
MATERIALS AND METHODS
Seven fresh (unembalmed) human cadaveric lumbar spine segments from L3-S1 were used (4 men, 3 women; age range 47-59 yr). Specimens were received frozen, then were thawed in a bath of saline at room temperature. The specimens were stripped of muscular tissue, whereas all ligaments, joint capsules, and discs were kept intact. On the basis of dual-energy x-ray absorptiometry scans, plain film radiographs, visual inspection, and available history, no specimen had osteoporosis, metastatic disease, bony abnormality, osteophytes, disc narrowing, or joint arthrosis. For biomechanical testing, the sacrum was reinforced with household wood screws, embedded in a metal fixture using fast-curing resin (Smooth-Cast; Smooth-On, Inc., Easton, PA), and attached to the base of the testing apparatus. The L2 vertebra was also reinforced with household screws and embedded in resin in a cylindrical metal fixture for load application. Dehydration was prevented by keeping specimens wrapped in saline-soaked gauze and periodically spraying them with saline during testing.
Specimens were tested in 6 conditions: (1) intact; (2) destabilized; (3) 2-level hybrid fixation, after the insertion of the PDS at L4 and regular titanium pedicle screws at L5 and S1, interconnected by 2-level bilateral locking rods; (4) 2-level rigid fixation, after reconfiguring the PDS at L4 to be rigid; (5) 1-level (L4-L5) dynamic fixation; and (6) 1-level (L4-L5) rigid fixation. Destabilization consisted of bilateral partial facetectomies, resection of the posterior longitudinal ligament, bilateral resection of the interlaminar portion of the ligamentum flavum, and partial extraforaminal discectomy. So that all specimens would receive consistent amounts of overall destabilization, discectomy was controlled in each specimen through a special procedure using feedback from optical tracking (described in more detail below). Discectomy was gradually extended until an increase in the range of motion (ROM) of approximately 50% at L4-L5 was observed, assessed using brief flexionextension flexibility tests. Cobalt chrome-titanium alloy multiaxial pedicle screws (Silverton; Lanx, Inc., Broomfield, CO) were top-loading and rigidly locking at L5 and S1. Their diameter was 6.5 mm and their length ranged from 45 to 55 mm. The PDS screw, also cobalt chrome-titanium alloy, includes a polyaxial head designed to allow AE22 degrees of angular toggling and AE2 mm vertical travel (Figure 1 ). Rather than interchanging screws at L4, we applied a locking collar to the dynamic screw head to immobilize it and mimic rigid fixation ( Figure 2B ). All devices were implanted after the manufacturer's recommendations and tools, using standard surgical technique under fluoroscopy. The sequence of testing of Steps 3 and 4 and of Steps 5 and 6 was dynamic fixation followed by rigid fixation in 4 specimens and rigid fixation followed by dynamic fixation in 3 specimens to avoid bias caused by testing order.
In all conditions, a cable-and-pulley apparatus was used to impart nondestructive, nonconstraining torques in conjunction with a standard uniaxial servohydraulic test frame ( Figure 3) . 20 Loading using pure moment has the advantage that the same load is distributed to each spinal level, ensuring an equivalent comparison among levels regardless of the distance from the point of loading. 21 Cables by their nature freely allow translation and are unable to apply sideward forces, and their usage therefore allows for nonconstrained specimen loading and movement. As in other lumbar studies, 17 ,22 -24 loads of 7.5 Nm maximum induced flexion and extension, left and right lateral bending, and left and right axial rotation, depending on how cables were routed around the cable guides and the fixtures for the applied force couple. In all orientations, a uniaxial load cell above the specimen measured cable tension, with the applied pure moment equaling the product of this tension and the fixture radius. In applying the desired pure moment, it is important that the force couple be configured such that the 2 cable ends remain parallel. Cable guides with roller bearings were therefore manually adjusted during each direction of loading to keep cables parallel regardless of the amount of specimen deflection. The same load of 7.5 Nm was applied in the intact, destabilized, and instrumented conditions. Testing was performed under load control. In each loading direction, three 60-second preconditioning cycles of 7.5 Nm were applied, after which the specimen was allowed to rest at zero load for 60 seconds. During the data collection cycle, load was applied quasistatically in 1.5-Nm increments, with each incremental load held for 45 seconds, to a maximum of 7.5 Nm. ROM of specimens depends on loading rate; the purpose of quasistatic loading is to eliminate the viscous effect of tissues and to study only the limiting elastic static response. In addition, for studying kinematics during flexion and extension, a smooth ramp was applied from 0 to 7.5 Nm at a constant cable uptake rate corresponding to a ramp rate of approximately 6 degrees per second (L3 relative to S1).
During all tests, 3-dimensional motion measurements were made with the Optotrak 3020 active marker system (Northern Digital, Inc., Waterloo, Ontario, Canada). This system stereophotogrammetrically measures the 3-dimensional positions of infrared-emitting markers rigidly attached in a noncollinear arrangement to the ends of three 4-cm surgical guidewires drilled into each vertebral body. Custom software converted marker coordinates to angles about each anatomical axis. 25, 26 For quasistatic loading, tracking data were recorded at 2 Hz; for ramp tests, tracking data were recorded at 60 Hz.
From the raw quasistatic load-deformation data, the angular ROM, angular lax zone (LZ, portion of ROM in which ligaments/hardware are lax), and angular stiff zone (SZ, portion of the ROM in which ligaments/hardware are under tension) were quantified. 27 These parameters are indicators of stability, with smaller values indicating greater stability. Stiffness is inversely proportional to SZ, with small SZ indicating high stiffness. The angle transition from LZ to SZ is found from the quasistatic moment-versusangle curve by fitting a straight line to the quasistatic data points during substantial loads (3.0, 4.5, 6.0, and 7.5 Nm, and their corresponding angles) and extrapolating to zero load. 27 Figure 3. Photo from an anterolateral perspective showing application of loads to specimens via cables and pulleys. When the piston of the servohydraulic test frame (MTS Systems Corp., Eden Prairie, MN) is raised, the cable loop is tensioned, applying 2 equal forces, F, in opposite directions and resulting in a pure moment via a force couple. Routing of the cable around different pulleys allows flexion, extension, left and right lateral bending, and left and right axial rotation to be applied. Applied force is monitored from a uniaxial load cell above the upper cable guide; force multiplied by the constant cylindrical fixture radius provides applied pure moment, which was controlled to 7.5 Nm maximum. Axial rotation is shown. Also visible are optical markers rigidly affixed to vertebrae for tracking motion. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
In addition, from the flexion-extension ramp data, instantaneous axis of rotation (IAR) was studied. The IAR was assumed to be equivalent to the finite helical axis of motion (ignoring translation along the axis) determined from marker data. 28 Before IARs were calculated, the marker position data files were smoothed using a moving average of AE10 frames of data (smoothed frame represents average over 21 frames). This smoothing algorithm greatly reduced noise but should have had little effect on IAR position because movement was relatively slow ($2 degrees per second) and the rate of data capture was relatively fast (60 frames per second). After smoothing, an iterative algorithm was used to determine the next frame, satisfying the requirement of more than 1.0-degree difference from the previously selected frame. For each condition tested, from the collection (centrode) of IARs in 1.0-degree increments, a single mean IAR was calculated for comparison to other conditions and specimens. This IAR represents a weighted mean and provides a more accurate average location than an IAR calculated using only the first and last frames of data. To overlay the IAR data on anatomical images (radiographs), we selected virtual landmarks during calibration of specimens using the digitizing probe and aligned them with their known positions on radiographic images. 29 Before statistical analysis, ROM, LZ, and SZ were normalized to mitigate effects of interspecimen variability by dividing the value of the parameter in the destabilized or fixated condition by its value in the intact condition. IAR Y and Z coordinates were also normalized by scaling to represent location relative to a motion segment of average size. The data were statistically analyzed using repeatedmeasures analysis of variance (RM-ANOVA) followed by Holm-Š idá k tests to determine whether mean values of parameters were significantly different among the normal, destabilized, dynamically fixated, and rigidly fixated conditions, or among levels (L3-L4, L4-L5, L5-S1). P values less than 0.05 were considered significant.
RESULTS
After destabilization, ROM significantly increased in all directions of loading at L4-L5 (Figure 4) . Destabilization, which targeted a 50% increase in flexion-extension ROM, created a 58% average increase in ROM when all 3 planes were considered. Standard deviations of L4-L5 ROM after destabilization remained similar to the standard deviation in normal specimens, indicating that destabilization caused no alteration in variability among specimens. There was no significant difference in ROM, LZ, or SZ at L5-S1 after destabilization at L4-L5.
One-Level Constructs
After dynamic 1-level stabilization at L4-L5, the ROM was between 86% and 128% of intact ROM, whereas after rigid 1-level stabilization, the ROM was between 35% and 64% of intact ROM (Table 1, Figure 4 ). The ROM allowed by dynamic stabilization was significantly greater than the ROM allowed by rigid stabilization in all directions of loading (P < 0.005, Table 1 ). The difference in ROM between rigid and dynamic stabilization was predominantly as a result of greater LZ allowed by the dynamic stabilizer (P < 0.005 in all planes); conversely, there was no significant difference in SZ in any plane (P > 0.18, Table 1 ).
During flexion and extension, the sagittal plane IAR of L4-L5 was typically positioned anteroposteriorly near the center of the vertebral body and rostrocaudally near the caudal edge of the disc space ( Figure 5 ). Destabilization affected the IAR position by less than 1 mm either rostrocaudally or anteroposteriorly ( Figure 5 , Table 2 ). The rigid 1-level construct shifted the mean L4-L5 IAR location 12.5 mm posterior to its normal position (P < 0.001) and 7.0 mm rostral to its normal position (P ¼ 0.001, Table 2 ). The PDS construct shifted the IAR 3.2 mm posterior to its normal position (P ¼ 0.683) and 10.0 mm rostral to its normal position (P < 0.001). Neither 1-level device caused significant shifts in IAR at L3-L4 or L5-S1 (Table 2) .
Two-Level Constructs
With 2-level hybrid fixation (dynamic fixation at L4-L5 and rigid fixation at L5-S1), the ROM, LZ, and SZ allowed at L4-L5 were significantly greater than at the same level in the 2-level rigid construct (Table 3, Figure 4) . At L5-S1, there was no significant difference in ROM, LZ, or SZ between rigid and hybrid constructs (P > 0.06, Table 3 ). The hybrid construct provided an intermediate transitional mobility, allowing a ROM at L4-5 that was on average 58% between ROM at the rigid level and ROM at the intact level ( Figure 6 ). With hybrid instrumentation, the dynamic level (L4-L5) allowed significantly greater ROM than the rigid level (L5-S1) in all directions (P < 0.04) and allowed significantly less ROM than the intact level (L3-L4) in all directions (P < 0.04) except axial rotation (P ¼ 0.13). In the rigid construct, the ROM at L4-L5 was on average 8% of the difference between L5-S1 ROM and L3-L4 ROM. With 2-level rigid hardware, the ROM at L4-L5 was not significantly different from the ROM at L5-S1 during flexion, lateral bending, or axial rotation (P > 0.11).
Shifts in the IAR at L4-L5 tended to be greater with 2-level hardware than with 1-level hardware, both with dynamic and rigid hardware at L4-L5 ( Figure 5 , Table 2 ). Shifts in the IAR at the uninstrumented level (L3-L4) were 2.2 mm or less with 2-level hardware in place, although the rostral shift was consistent enough to be statistically significant (Table 2) . At L5-S1, which was rigidly instrumented in both the hybrid and rigid constructs, significant and large posterior and caudal shifts in IAR position were observed (P < 0.001, Figure 5 , Table 2 ).
DISCUSSION
In the treatment of certain pathologies, such as degenerative lumbar spondylolisthesis, decompression and fusion significantly improve patient outcome compared with decompression alone, and instrumentation improves fusion rates. 30 Although fusion is clinically effective, undesirable adverse effects, such as loss of mobility and ASD, are observed. 3, 31 In 1991, Graf therefore proposed the concept of flexible posterior stabilization. 31 Graf's system consisted of a titanium pedicle screw anchor inserted into the vertebra superior and inferior to the symptomatic level and braided polypropylene tension bands spanning between flanges at the screw heads. Although little evidence was collected to show that Graf ligamentoplasty was effective in relieving low back pain, more recent studies with other dynamic devices such as Dynesys (Zimmer Spine, Inc., Minneapolis, Minnesota) have shown comparable clinical results to fusion. 32 Despite some favorable results in the usage of the Dynesys device, which consists of pedicle screws connected by a longitudinal polyethylene terephthalate cord paired with a spacer and polycarbonate cover, some investigators have observed poor clinical results. Grob et al 33 found that at 2-year follow-up, both back and leg pain were still moderately high. Only half of patients declared that the operation had helped and had improved their overall quality of life and less than half reported improvements in functional capacity. The reoperation rate after Dynesys fixation was relatively high. These findings indicate that further design improvements are needed for dynamic devices to provide an equivalent alternative to fusion. One design difference of the current PDS relative to Dynesys is screw-rod interface. Dynesys has a fairly rigid interface between screw and spacer, potentially leading to greater stress transfer to the screw-bone interface and to screw breakage. The current PDS uses pivoting screw heads, which may theoretically reduce screw-bone stresses. Further stress analysis and clinical comparison would be needed to confirm this theoretical benefit.
Many pedicle fixation-based PDS systems are currently available. 23, 31 Some include flexible longitudinal members, whereas others incorporate pivoting at the screw-rod interface, and still others include both mechanisms. Examples of pivoting head designs with little longitudinal translation allowed are the Dynesys and the Cosmic (Ulrich Medical GmbH, Ulm, Germany). Examples of designs that allow longitudinal translation but little pivoting of the head are the DSS Stabilization System (Paradigm Spine, LLC, New York, New York) and the N-Flex (Synthes Spine Co., West Chester, Massachusetts). The current device allows limited amounts of longitudinal translation and pivoting at the screw head, but it has stops to resist excessive motions of either type.
Several studies have investigated the biomechanics of dynamic pedicle screws in vitro. 22-24,34 -39 It is, however, somewhat difficult to define a positive outcome biomechanically when studying such devices because it cannot usually be determined whether the stabilization offered translates directly to clinical efficacy. That is, just because a device restricts ROM to within normal ROM does not mean that the motion occurs without pinching nerves in a clinically undesirable way. Desirable results for this kind of device would be a decrease of the ROM relative to the destabilized condition, but it is unclear how much restriction of motion there should be relative to intact ROM. The IAR should be as close to the intact IAR as possible to avoid pathological loading of the joints of the spine during movement.
In a ''topping-off'' construct, the dynamic level should provide transitional stability to transfer load more gradually to adjacent levels and prevent ASD. It was assumed that an ideal transitional stiffness would be intermediate to the stiffness of a fused segment and the stiffness of an intact segment. It is, however, unclear whether a stiffness closer to that of a fused segment, closer to that of an intact segment, or exactly halfway between these 2 stiffnesses is most beneficial. Furthermore, the optimal stiffness of a PDS may vary from patient to patient, depending on other factors such as bone quality and natural flexibility, which makes the optimal stiffness of a PDS difficult to define. Further experimental and computational analysis is needed on the stress transfer for different magnitudes of transitional stiffness provided by PDS devices.
In this study, the IAR was quantified from optical tracking data. Although most authors have not reported the axis of rotation, some have published in vitro studies of dynamic posterior devices that have quantified IAR or helical axis of motion. 22, 36 Bozkus et al 22 quantified IAR in a device in which a hinge element connected the rod to the pedicle screw head, and found the IAR to be approximately 5 mm farther posterior than the position found with the current device. Possibly the more anterior IAR at the motion segment instrumented with the current device is because of the design of the device, in that the motion element is positioned inside the screw and therefore next to the posterior pedicle (Figure 1 ). Other hardware designs with motion elements within the more dorsal interconnecting rod or within the posterior screw housing would be expected to shift the IAR farther posterior. Further direct experimental comparison of IARs is needed to support this hypothesis. An additional consideration and study limitation regarding IARs is that a separate test run at a constant cable uptake rate was used for determining IAR instead of using the test run from which ROM, LZ, and SZ were obtained. It was assumed that the IAR would not shift from the position that would have been obtained quasistatically. IAR positional differences at different loading rates have not, to our knowledge, been studied in the spine, but we assumed here that the difference would be minimal. 
Recently, Schmoelz et al
24 performed a biomechanical study comparing the behavior of 4 different dynamic lumbar systems. Our single-level device results show a ROM closer to intact during all loading modes than those of other devices tested previously. Although possibly indicating a design advantage, this different performance may simply be because of differences in test configuration or differences in the destabilization modeled, when facets and discs were resected, thereby increasing the ROM during axial rotation. It is unknown whether it is clinically relevant that the current device did not limit the ROM during axial rotation to within the intact value. Further direct study of various devices tested under identical experimental conditions is needed for better understanding of the differences among devices. The experimental model used in this study has some limitations. Because the model is devoid of muscles and there is no attempt to simulate muscle forces or gravity, it cannot be assumed that the device would perform identically in vivo. This model, however, provides an understanding of the basic stability offered by the bones, ligaments, and device, and it can be considered a ''worst-case'' scenario excluding any contribution to stability of these other factors. That is, with muscle and gravitational contributions, stability should be better, not worse, than what is found using this model. An additional limitation is the small number of samples studied (n ¼ 7), which is common in this type of research and is because of the limited availability and high cost of cadaveric specimens. Small sample size can result in false-negative findings; however, effects that may have existed but were not detectable with this sample size may not be clinically relevant.
CONCLUSIONS
Both 1-level rigid and 1-level dynamic fixation provide significant stabilization relative to moderate destabilization. In all directions of loading, significantly greater motion was, however, allowed, and during flexion-extension, significantly less shift of the IAR was observed with 1-level dynamic instrumentation than with rigid instrumentation. These findings indicate significantly different multidirectional biomechanical behavior of the dynamic device than with traditional rigid screw-rod fixation. During a toppingoff scenario, the dynamic level provided transitional stiffness intermediate to the stiffness at the rigid and intact levels surrounding it. In the single destabilized segment, ROM was restored close to that of the intact segment. These results indicate that this PDS device could provide a biomechanically protective effect to the adjacent intact levels and to the moderately unstable level. PDS designs vary greatly and it is difficult to identify how to optimize design parameters for these devices. Although this biomechanical study provides an indication of how this particular PDS behaves in vitro, only clinical studies can give definitive evidence of the superiority of one PDS over others.
Key Points
Dynamic instrumentation shifted the sagittal axis of rotation less than rigid instrumentation, indicating more natural and favorable kinematics. Dynamic instrumentation allowed 1-level angular motion that was close to intact ROM during flexion, extension, lateral bending, and axial rotation. Dynamic instrumentation provided stiffness that was intermediate to the stiffness of the cranial intact segment and the caudal rigid segment, providing a gradual transition in flexibility. 
